Abstract-In this paper, a micromachined silicon straight tube is tested as a fluid density sensor. In comparison with other density measurement techniques, the use of micromachined tubes require small sample volumes and allows continuous monitoring of the fluid density in microfluidic systems. Different vibration modes of the sensor were detected and calibrated using a laser Doppler vibrometer (LDV).
I. INTRODUCTION
A resonant densitometer is a sensor for measuring fluid density where a change in density results in a change in the mass loading of the resonator structure and thus a change in the resonance frequency. [1] All the prior reported micromachined tube density sensors have corners [1] - [3] . The corners can add an additional pressure drop over the tube structure and also increase the risk of trapping micro particles and bubbles inside the tube leading to inaccuracy in the resonance frequency measurements [4] . Other microsystem techniques for measuring the density like using quartz tuning forks, vibrating microdiaphragms, membranes, cantilevers and magnetoelastic thin or thick films have been presented [5] - [10] . The advantages of using micromachined tubes lie in the low sample volume and the possibility of continuously monitoring the density of a fluid with high resolution.
In this paper, a straight silicon tube, a fixed-fixed resonating structure, is fabricated and evaluated as a density sensor (see fig. 1 ). The absence of corners leads to less flow restriction and a reduced risk of trapping gas bubbles and micro-particles in the sensor. In this design, the sample volume is just ¿ Ä. The sensor consists of a ¾ Ñ long resonating tube mechanically supported by the surrounding silicon frame. Electrodes were patterned on an etched recess of a glass slide with a depth of Ñ. An aluminum fixture clamps the slide beneath the resonating element and also connects an external tube system to the inlet/outlet of the tube.
In this work, the fabricated sensor was calibrated as a density sensor using different known fluids and the Q-factor and the density sensitivity, two important parameters of a densitometer, are measured for its first three vibration modes. 
II. THEORY
By using an earlier derived formula in [12] , rewriting it and simplifying all the geometric parameters into one constant , a formula to calculate the resonance frequency of a clampedclamped tube structure can be provided:
Where is Young's modulus of Si, Á is the area moment of inertia, Ä is the length of the tube, Ñ is the total mass of the resonating element (tube and fluid) per unit length and is a constant related to the mode of vibration ( ½ ¿¼, ¾ ¿ and ¿ ½¼ ). depends on the tube dimensions and the vibration mode. Ø and are the tube and fluid densities, and Ø and are the cross-sectional areas of the tube walls and the fluid, respectively.
The fluid density sensitivity of mode of this densitometer can be calculated by:
The Ø design ratio is 0.535 yielding a theoretical fluid density sensitivity of ¾¾¿ ÔÔÑ ¡ Ñ ¿ at the water's density for each vibration mode (at room temperature and ½ ØÑ pressure, Ø ¾¿¾ and Ñ ¿ , respectively [13] ). 
III. DESIGN AND FABRICATION
The main steps of the fabrication process were KOH etching and silicon fusion bonding.
ÑÑ´½¼¼µ-silicon wafers were thermally oxidized to produce ¿¼¼ ÒÑ oxide. LPCVD was used to deposit ½¼¼ ÒÑ nitride. Two photolithography and RIE steps were used to create a nitride mask on the inside side and a nitride pattern on the outside side of the wafers. Then, KOH etching was used to create the interior of the tubes. After stripping the nitride and oxide on the inside side of two wafers by an RIE and HF etch, they were bonded using silicon fusion bonding.
After bonding, KOH was used to etch the exterior of tubes to release the structures. Finally the nitride/oxide mask was stripped using Buffered HF and the wafer was diced to create ½¼ ÑÑ ¢ ¾ ÑÑ sensor structures.
The diced sensor was fixed to the fixture using an epoxy glue. The glass slide containing the electrodes was fixed beneath the tube by the fixture. Fig. 4 shows the dimensions of the sensor and the crosssection of the glued sensor in the fixture.
IV. EVALUATION RESULTS
The diced silicon sensor was glued to an aluminum fixture using an epoxy glue. Then, a conductive glue was used to create an ohmic-contact between the sensor and the fixture. Steel tubes were used to lead the fluid to the tube. The electrodes were sputtered through a shadow mask in an etched recess of a glass slide. The slide was placed and fixed beneath the tube by the fixture. The electrodes were parallel to the tube and because of chip bow, the distance between the middle electrode and the tube was smaller than the nominal gap of Ñ. The bow direction was used to assist exciting the tube with a lower amplitude voltage.
The sensor was placed at a vacuum chamber and a laser Doppler vibrometer was used to detect and measure the first three resonance frequencies with ½ À Þresolution. Air and five different 2-propanol/water mixtures were used to calibrate the density sensor. The density of each liquid mixture was measured using a scale and a volumetric flask. Table I shows the evaluation results at ¾ ¢ ½¼ Ñ Ö chamber pressure.
½ ¾ is plotted versus density in fig. 5 . Three regression lines are passed through the points of each mode using least square approximation to produce the calibration curves. Fig. 6 plots the first resonance frequency versus fluid density.
V. DISCUSSION A. Quality values
The observed Q-values for air and two liquid fluids at ¾ ¢ ½¼ Ñ Ö chamber pressure are presented in table II. The fact that the Q-value is larger for the higher modes can be explained by the induced vibrations to the frame. The center of gravity of the vibrating element moves up and down in mode 1 causing the frame to vibrate. Momentum instability in mode 2 causes the frame to vibrate transversely. In mode 3, the center of mass of the vibrating tube goes up and down but this effect is less than mode 1. These descriptions with observed a stiffer frame at higher frequencies can describe increasing the Q-value by mode number. The liquid-filled tubes have also shown a lower Q-value because of possible internal liquid damping. The authors speculate that in the case of encapsulating the sensor, the loss through the frame and the glued parts, generally called clamping loss, could be eliminated leading to have a higher Q-value.
At room temperature, the viscosity of 2-propanol is more than twice that of water [11] . The measured Q-factors of the water and 2-propanol filled tubes lay within the error margins of the used measurement method. This observation, together with the observed linear calibration curves, lead the authors to conclude that the un-encapsulated sensor with this fixture design measures density almost independently of viscosity. Using a more viscous liquid such as glycerol and also improving the Q-value by encapsulating the device to reduce clamping losses can help to show the effect of viscosity of the characteristics of the sensor. respectively. Alignment inaccuracies in the four photolithography steps and in the bonding step, mask underetch during the fabrication process and the inaccuracy in the thickness of the wafers result in a smaller Ø ratio in practice.
B. Statistical calculations
The Ø value measured from a microscope cross section of a tube fabricated by similar process (see fig. 8 ) was found to be approximately 0.386, which according to the model would result in a sensitivity of -264 ÔÔÑ ¡ Ñ ¿ for water.
This calculated sensitivity lies close to the average measured sensitivity of -256 ÔÔÑ ¡ Ñ ¿ for water, confirming the validity of the model. A straight tube has been fabricated and evaluated as a density sensor. Its first three vibration modes were calibrated using air and different liquid mixtures. The three modes have shown an average fluid density sensitivity of ¾ ¦ ÔÔÑ ¡ Ñ ¿ around the density of water which is proportional to the area ratio of the tube and the fluid in theory. By passing an unknown fluid through the sensor and by measuring the resonance frequencies and using the calibration curves, the density can be extracted.
The sensor should be vacuum encapsulated to eliminate the structure loss and clamping loss to have a higher Q-value.
